sequence enrichment between subsequent selection cycles. This approach does not take full 1 5
advantage of HTS because the enrichment of sequences during selection can be due to inefficient 1 6 negative selection when using live cells. Here, we present a differential binding cell-SELEX 1 7
(systematic evolution of ligands by exponential enrichment) workflow that adapts the FASTAptamer 1 8 toolbox and bioinformatics tool edgeR, which are primarily used for functional genomics, to achieve 1 9 more informative metrics about the selection process. We propose a fast and practical high-2 0 throughput aptamer identification method to be used with the cell-SELEX technique to increase the 2 1 1 0 1 cell-SELEX for 11 selection cycles using the RCC-MF cell line as a target cell line to identify ccRCC-1 0 2 specific aptamers and RC-124 cells as a negative control cell line to reduce the nonspecific binding.
0 3
Cell-specific aptamer sequence enrichment monitoring was performed using flow cytometry (Guava 1 0 4 8HT) after the 4 th , 8 th and 11 th selection cycles. After the 4 th and 8 th selection cycles, there was a slight 1 0 5 difference between the binding of the initial randomized oligonucleotide library compared to the 1 0 6 enriched libraries. After the 11 th selection cycle, we observed binding of the enriched library to more 1 0 7 4 than >95% of cells. However, the observed binding was nonspecific and the selected aptamer 1 0 8 sequences were binding to both the RC-124 ( Fig. 1a ) and RCC-MF ( Fig. 1b ) cell lines. was not achieved up to the 11 th cycle.
7
We concluded that complete selectivity against ccRCC cells is not achieved. However, the low 1 1 8 concentration binding measured for the enriched library after the 11 th pool (Fig. 2 ) did not exclude the 1 1 9 possibility that the library contains ccRCC cell-specific sequences. To explore the differences that 1 2 0 might exist within the library, we developed a differential binding cell-SELEX approach. 
2 5
Differential binding cell-SELEX 1 2 6
The differential binding cell-SELEX process (Fig. 3 ) was performed after the 4 th and 11 th selection 1 2 7
cycles. After incubation with identically split aptamer libraries and the retrieval of bound sequences to 1 2 8 both RC-124 and RCC-MF, we performed two subsequent overlap PCR reactions and confirmed that 1 2 9
both constructs after the 1 st overhang PCR and 2 nd overhang PCR are of expected size (Fig. 4, Fig.   1 3 0 S1). Quantification of the final libraries was performed using the NEBNext Library Quant Kit (New 1 3 1
England BioLabs) to quantify only those sequences that have flow cell adapters attached to them 1 3 2 (Table 1) . Overall, our sequencing results also confirm the technical feasibility of the cell-SELEX 
4 8
Combining all replicates from both samples after data clean-up, we identified 3,627,938 unique 1 4 9 sequences within the 4 th selection cycle experiment and 503,107 unique sequences in the 11 th 1 5 0 selection cycle experiment. After filtering the reads by edgeR to remove the sequences that had lower 1 5 1 counts per million (CPM) than two per sample and that were present in less than two replicates, we 1 5 2
were left with 1,015 unique sequences for the 4 th cycle aptamers and 35,859 sequences for the 11 th 1 5 3 cycle aptamers.
1 5 4
For differential binding data analysis ( Fig. 5 ), we further used selected sequences to run the edgeR 1 5 5 package, a statistical analysis software that is used to estimate differential expressions from RNA-seq 1 5 6
data. The resulting data were adjusted for multiple comparisons using the built-in Benjamini-Hochberg 1 5 7 approach and filtered by removing all sequences that have log 2 fold change (logFC) values less than 1 5 8 two or that had adjusted p-values higher than 0.0001. to identify 720 sequences with enrichment log 2 > 5. edgeR was used to perform differential binding 1 6 5 analysis, resulting in 17 candidate sequences. Matching the sequences resulted in six aptamer 1 6 6
candidates that are represented in both analyses.
6 7
Comparing differential binding datasets using the 4 th selection cycle enriched library, we were unable 1 6 8
to identify any significantly differentially bound sequences based on the count per million (CPM) of 1 6 9 each sequence and a fold change (FC) comparison between two cell lines ( Fig. 6a ). Most of the 1 7 0 sequences bound from the 4 th cycle enriched library had a low abundance. However, an analysis of 1 7 1 the 11 th selection enriched library discovered 195 statistically significant differentially bound 1 7 2 sequences according to the same criteria as described for the first experiment (multiple comparison 1 7 3 adjusted p-value < 0.0001, log 2 (CPM) > abs(2)) ( Fig. 6b ). 178 sequences had log 2 (CPM) < -2 1 7 4
compared to 17 sequences that had log 2 (CPM) > 2 ( Supplementary Table 1 ), indicating that more cell 1 7 5 type specific sequences were identified for the control RC-124 cells than for the target RCC-MF cells 1 7 6 ( Fig. 6c ).
7 7 9
Enrichment analysis identified 720 unique sequences that have log 2 (meanCPM@11 th 1 7 8 cycle/meanCPM@4 th cycle) > 5 or sequence enrichment in CPM terms 32 times from the 4 th to 11 th 1 7 9 cycle ( Supplementary Table 2 ). We further combined differential binding results that resulted in 17 1 8 0 unique sequences with 720 sequences obtained from enrichment analysis. We identified only 6 1 8 1 sequences that were present in both datasets ( Supplementary Table 3 ) as the most likely candidates 1 8 2 to specifically target ccRCC cells (if the log 2 cut off value is decreased to 5, it is possible to identify 6 1 8 3 sequences that can be found in both the differential binding analysis and enrichment analysis results).
8 4
We also ordered all unique sequences that were present in the 11 th pool by CPM and calculated the 1 8 5 log 2 enrichment value between the 4 th and 11 th cycle ( Supplementary Table 4 ). Log 2 enrichment 1 8 6
values for the top 10 most abundant sequences ranged from 4.7 to 6.2, and 7 of 10 sequences had a 1 8 7
Log 2 value above 5, meaning that these sequences are also included in the enrichment analysis 1 8 8
results. These 10 most abundant sequences contribute to approximately 27% of all sequencing reads 1 8 9
from the 11 th pool. However, none of the top 10 most abundant sequences passed the statistical 1 9 0 significance threshold or FC threshold in the differential binding analysis. indicates increased binding to the RCC-MF ccRCC cells, red dots indicate that these results are 1 9 6 statistically significant according to an adjusted p-value < 0.0001 using edgeR and have logFC > 2 in 1 9 7 absolute numbers. All results that fulfil these criteria can be seen in (c).
9 8
Differential binding results confirm that it is possible to use edgeR within our pipeline to identify the with enrichment analysis sorted by log 2 FC identified the DB-3, DB-4 and DB-5 sequences.
0 6
Enrichment analysis between the 4 th and 11 th pools by log 2 CPM enrichment identified sequences EN-2 0 7 1, EN-2 and EN-3. The three most abundant sequences bound to the RCC-MF cells were MB-1, MB-2 0 8 2 and MB-3 (Table 2) . We estimated a population shift as a mode of fluorescence intensity (MFI) for 2 0 9 each aptamer sample (n=3). The data were corrected by subtracting the MFI from a sample that was 2 1 0 incubated with a randomized starting library (MFI lead-sequence -MFI random-library ).
1 1
Corrected MFIs were compared with the t-test (significance defined as p < 0.05, n=3) using GraphPad 2 1 2
Prism to determine if our identified sequences altogether bind more to RCC-MF cells than to RC-124 2 1 3 cells. Three sequences (DB-4, EN-2, MB-3) were confirmed to be differentially bound using flow 2 1 4 cytometry by comparing MFIs (Fig. 7, Fig. S2 ). While MB-3, identified as the 3 rd most abundant 2 1 5 sequence, was significantly (p=0.002) differentially bound, it was targeted towards RC-124 cells. The 2 1 6 EN-2 sequence was identified using enrichment analysis and was statistically significantly (p=0.013) 2 1 7
binding to RCC-MF cells. DB-4 was significantly (p=0.019) more bound to RCC-MF cells and was 2 1 8
identified through a combined differential binding cell-SELEX and enrichment approach. hinges correspond to the first and third quartiles, and the whiskers mark the 1.5* interquartile range 2 2 6 (IQR). Statistical significance was determined with a t-test using the GraphPad Prism software.
7
The binding of selected aptamer sequences was identified through differential binding cell-SELEX DB-4 was found between 720 sequences identified using enrichment analysis, but only as the 528 th 2 7 0 most enriched sequence. This provides scientific evidence that our approach can be used to identify 2 7 1 lead aptamers that most likely would be lost during enrichment analysis.
7 2
MB-3, one of the most abundant sequences in the dataset, showed significant binding to RC-124 cells.
7 3
MB-3 was identified neither in the enrichment analysis results nor in the differential binding cell-2 7 4 SELEX results. However, seven of the 10 most abundant aptamer sequences after the cell-SELEX 2 7 5 process were enriched above the set cut-off value log 2 > 5 and thus did appear in the enrichment 2 7 6 analysis results. None of these sequences appeared in the differential binding results because they 2 7 7 did not pass the statistical significance test applied to logFC. These observations are in line with 2 7 8 previous statements that the most abundant aptamer sequences are not necessarily the best binders 2 7 9 30 . This proves the value of the differential binding approach for excluding the non-specifically 2 8 0 enriched sequences during the cell-SELEX procedure.
8 1
After noticing high guanine abundance in several of the identified lead sequences, we searched for G- represents the identified G4 motifs.
9 6
Differential binding cell-SELEX uses edgeR to compare how all sequences that can be found in the 2 9 7
final enriched aptamer library interact with the control and target cells; it is also used to estimate the 2 9 8 statistical significance of these differences. There are several bioinformatics tools available to analyse 2 9 9 the statistical significance of the differential expression for RNA-seq data 25, 33, 34 . To the best of our 3 0 0 knowledge, none of these tools have been applied to estimate differentially bound aptamers on the 3 0 1 cell surface. edgeR was chosen because it is compatible with the existing data analysis workflows in 3 0 2 R 35 . A combination of enrichment analysis and the differential binding approach provides an 3 0 3 algorithm to choose target sequences for further analysis.
0 4
Altogether, we demonstrate a combined analysis pipeline that can be used to identify lead aptamers 3 0 5 from low binding selectivity aptamer libraries after cell-SELEX experiments. We propose a fast and 3 0 6 practical high throughput aptamer identification method to be used with the cell-SELEX technique to 3 0 7 increase the successful aptamer selection rate against live cells.
0 8
A higher number of sequencing reads during differential binding cell-SELEX could even further 3 0 9
increase the likelihood to identify low abundance, but differentially bound sequences specific to cells 3 1 0 of interest. Sequences that were present only in one replicate from each selection pool were 3 1 1 discarded. After the 4 th selection cycle, only a few sequences were present in more than one 3 1 2 1 4 sequencing replicate (Fig. 6a ) compared to the 11 th cycle (Fig. 6b ). An increased number of reads 3 1 3 would cover more diverse libraries and would make it possible to identify differentially bound 3 1 4 aptamers using fewer selection cycles.
1 5
The cell-SELEX design described in this research uses commercially available human RCC-MF and 3 1 6
RC-124 cells both as a target and a negative control. We are the first to use these cell lines for 3 1 7
aptamer selection with a cell-SELEX approach. However, it could be more suitable to use patient-3 1 8
matched primary cells isolated from the tumour site and adjacent healthy kidney tissue within a few 3 1 9
passages after isolation, when cells are most likely to represent the diversity found in clinical settings 3 2 0 36 .
2 1
The differential binding cell-SELEX method developed here can be used to accelerate aptamer 3 2 2 selection based on HTS analysis. Additional information from differential binding cell-SELEX reduces 3 2 3
the time needed to identify aptamers. This can lead to the broader use of the cell-SELEX technique 3 2 4 not only to identify aptamers against cell lines but also against primary cells isolated from patient 3 2 5
samples.
2 6
We conclude that the differential binding cell-SELEX method can be used to characterize not only 3 2 7
sequence enrichment between selection cycles, but also to select aptamer sequences that selectively 3 2 8
bind to the target and control cells. We demonstrate the feasibility of our approach by showing cell- ACTAAGCCACCGTGTCCA-3′). Oligonucleotides were ordered from Metabion or Invitrogen.
5 3
Cell-SELEX procedure 3 5 4
Cell-SELEX protocol was adapted from Sefah et al. 37 . The aptamer library was prepared in binding 3 5 5
buffer at a 14 µM concentration for the first selection cycle, heated at 95 °C for 5 min, folded on ice for 3 5 6
at least 15 min, and added to fully confluent RCC-MF cells in a 100-mm Petri plate (Sarstedt) that 3 5 7
were washed 2 times with washing buffer before the addition of the library. The initial library was 3 5 8 applied to RCC-MF cells and incubated for 1 hour on ice with RCC-MF cells but not with RC-124 cells 3 5 9
in the first selection cycle. After incubation with the oligonucleotide library, the cells were washed with 3 6 0 3 ml of washing buffer for 3 min and collected with a cell scraper after adding 1 ml of DNase free 3 6 1
water. DNase free water was used to collect sequences only for the first cycle; in subsequent cycles, 3 6 2
binding buffer was used to retrieve the bound sequences. After collection, the cell suspension was 3 6 3 heated at 95 °C for 10 min to remove the bound sequences from the target proteins and centrifuged 3 6 4 at 13,000 g; the supernatant containing the selected aptamer sequences was collected.
6 5
In subsequent selection cycles, the aptamer library was prepared at a 500 nM concentration and 3 6 6
incubated with negative selection cell line RC-124 beforehand. Solution containing unbound 3 6 7
sequences was collected and applied to the RCC-MF cell line after washing the cells as described 3 6 8
previously. As the selection cycle was increased, a number of modifications were made to the 3 6 9 selection procedure: after the 4 th selection cycle, 60 mm plates were used instead of 100 mm plates, 3 7 0 an increasing concentration of FBS (10-20%) was added to the library after folding without changing 3 7 1 the final concentration of the aptamer library, the wash volume was increased to 5 ml, the wash time 3 7 2 was increased to 5 min and the number of wash times was increased to 3 after incubation. After preparative PCR, ssDNA was acquired using agarose-streptavidin (GE Healthcare) binding to a 3 8 0
biotin-labelled strand, and FAM-labelled ssDNA was eluted with 0.2 M NaOH (Sigma-Aldrich). 
